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SUMMARY 

An invest igat ion  to  determine the   a l t i tude  performance charader-  
i s t i c s  of a J73-GE-lA turbojet  engine wa6 conducted i n  an altitude cham- 
ber at the  NACA Lewis laboratory. The engine plad a  ten-percent  oversize 
turbine-nozzle area compared with  the  production J73 engine. A fixed- 
area  exhaust  nozzle,  designed to give Umiting temperature at rated 
speed  and s ta t ic   sea- level  C O n d i t i O n 8 ,  was used. Accordingly, the a m -  
ponent  performance was res t r ic ted  to those conditions uhich exist along 
the engine  operating  line. The engine was operated over a corrected 
engine  speed  range f r o m  83 to 108 percent of rated speed w i t h  t h e  
var iable   inlet  guide  vanes in   t he  open position as normally  scheduled 
f o r  this engine  speed  range. Data were obtained at simulated  altitudes 
from 15,000 t o  55,000 f ee t  and flight Mach numbers from approximately 
0.07 t o  1.01. The range of Reynolds number fndex was from 0.90 to 0.20. 

g.  

A reduction i n  Reynolds number index f r o m  0.90 to 0.20 lowered the  
campressor efficiency  about 0.025 and the  corrected air f l o w  about 
2 percent  but did not  affect the compressor pressure r a t i o  at a given 
corrected  engine  speed. At. a given corrected  turbine speed, there was 
no noticeable  effect of Reynolds nuniber on turbine performance. Total- 
pressure  losses  throughout  the  engine w e r e  not affected  appreciably by 
changes in the Reynolds number index. The maximum values of compressor 
efficiency,  turbine  efficiency, and combustion efficiency  obtained i n  
this  investigation were 0.853, 0.865, and 0.96, respectively. The mini- 
mum combustion efficiency  obtained was about 0.94 a t  the lowest  cor- 
rected  engine  speed (89 percent of rated speed) that was investigated 
a t  a Reynolds number index of 0.20. At rated corrected  engine speed, 
the  total-pressure loss ac.ross the combustor was 0.046 of  the  conibustor- 
inlet   pressure.  The compressor-outlet  diffuser and the  ta i l -pipe dif- 
fiser total-pressure loss  ra t ios  were less than 0.01 and 0.03, 
respectively. 
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INTRODUCTION 

An investigation  to determine the  altitude-performance  characteris- 
t i c s  of a J73-GE-IA turbojet  engine was conducted i n  an  a l t i tude chamber 
a t   t h e  NACA Lewis laboratory.  This  engine  incorporated variable i n l e t  
guide  vanes as a means of avoiding part-speed  surge. The engine also 
was provided  with a 10-percent  oversize  turbine-nozzle area (compared 
with  the  production 573 engine) for   the purpose of avoiding stall during 
f l i gh t  tests u n t i l  a mre refined  automatic  control  could  be developed. b 

The engine  incorporated a fixed-area  exhaust  nozzle  designed t o  give 
limiting temperature at rated speed and static  sea-level  conditions. 
Accordingly, per fomnce  af the engine components opei-ating as integral  
p a r t s  of  the  engine is  presented  herein  only a t  the conditions that 
exist  along  the  engine  operating  line. 
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Data were obtained overa  corrected  engine  speed  range fram approxl- 
m t e l y  83 t o  108 percent of rated speed with the var iable   inlet  guide 
vanes i n  the open pasition, as normally scheduled for this engine  speed 
range. The investigation was conducted at  simulated altitudes from 
15,000 t o  55,000 f ee t  W F t h  sLmlated fUght Mach numbers from approxi- 
mately 0.07 t o  1.01. The range of  Reynolds nuniber index was from 
approximately 0.90 to  0.20. 

Radial pressure and  temperature prof i les  at the  engine  inlet, com- 
pressor  outlet,  compressor-dfffuser  outlet,  turbine  inlet,  turbine  out- 
l e t ,  and exhaust-nozzle i n l e t  are shown at  the extreme ranges of al t i-  
tude, flight Mach number, and corrected  engine  speed. Compressor per- ' 

f o m n c e  and pressure loss data a re  shown as functions  of  corrected 
engine  speed,  combustion efficiency as a function of combustor-inlet 
conditions,  turbine performance as a function of corrected  turbine 
speed, and exhaust-no'zzle  performance as a function of exhaust-nozzle 
pressure  ratio. A l l  component per fomnce  data are also presented in  
table I. 

-ne. - A view of the J73-GE-1A turbojet engine  installed in the 
altitude chamber is shown i n  figure 1. The e a n e  has variable in le t  
guide  vanes, a L2-stage axial-flow compressor, a cannular-type couibuetor, 
a two-stage  turbine,  and a fixed  conical  exhaust  nozzle.with a cold 
diameter of 20.95 inches,  Pending development 0f.a more refined  engine 
control, this engine, along with others of the -same uiodel intended for 
ear ly   f l igh t   t es t s ,  i s  provide6 with a tqbipe-nozzle  area  ten  percent 
larger  than  the  standard  production  engines w i l l  have i n  order to avo€d 
compressor surge.  Compressor-outlet  leakage and bleed air are used as" 
a balance  piston  force a t  the  f ront .of   the compressor and fo r  cooling 
the  turbine disks and the first-stage  turbine  stator.  This air i s  then 
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returned t o  the engine t a i l  pipe downstream of the  turbine. A t  the  
rated  engine  speed of 7950 r p m  and an exhaust-gas  temperature of  1 2 1 5 O  F 
at static sea-level  conditions,  the  rated  thrust of the engine is  8630 
pounds with an air flow of approximately 142 pounds per second, 

Compressor. - rrzhe =-stage  adal-flow compressor (fig.   2(a)) has a 
t i p  diameter of 32g inches and a pressure r a t i o  of 6.5:l at rated engfne 
speed. The hub-tip  ratios a t  the first and t w e l f t h  stages  are  approxl- 
mately 0.455 and 0.88, respectively. The 21 variable  inlet  guide vanes 

closed  position. In the open position,  the  angle between the  engine 
center  l ine and a line  tangent to the  leading and t r a i l i ng  edges of the  
guide-vane airfoil sections i s  zero a t  the  r o o t  and Bo at t he   t i p .  

I 

w 
ON 
4 rotate  simultaneously  through  an  angle of  30° from the open t o  the 

Conibustor. - The cannular combustion  system consists of an  annular 
space  containing t en  can-type l iners  that a re  connected to  the  turbine- 
inlet annulus by t ransi t ion  l iners   ( f ig .  2(b)). The la rge   e l l ip t ica l  
cross-over tubes, Which interconnect  the  ten  co&ustor liners, were 

% designed t o  f a c i l i t a t e  f l a m e  propagation  during starts a t  high  altitude. 
rd' A maximum conibustor flow area of approxiuwtely 5.3 square feet results 

r: 
% -  

P 
in an  average  reference  velocity of about 95 feet   per  second i n   t h e  
couibustor . 

A fue l  nozzle  projects  into  the dome of  each of the combustor 
lfners . %he f u e l  nozzles are a duplex design with a large and a s m a l l  
s l o t  supplied by two separate  fuel  manifolds. Only the small slots 
function a t  low f u e l  f l o w  rates; but  as the  fuel  pressure  increases, 
the f l o w  divider opens  and supplies f u e l  to the large s l o t s  as well. 

Turbine. - A photograph of the  t w o  turbine rotors fs shown i n  f ig- 
ure 2-e first-stage  turbine  rotor  contains 57 blades, ha8 a t i p  
diameter of 2% inches, and has a  hub-tip ratio of 0.73. The second-stege 

turbine  rotor has 47 blades, a t i p  diameter of 3%- inches, and a hub- 
t i p  r a t i o  of 0.64. Both rotors have a radial   t ip  clearance of approxi- 
mately 0.050 inch. The first-stage  turbine  stator  contains 40 vanes 
*ich  have internal passages f o r  the flow of cooling air obtained from 
the compressor discharge through the midframe. The second-stage tur- 
bine  stator has 53 vanes increasing  in  height from the  leading edge t o  
the   t ra i l ing  edge by an amount corresponding t o  the change i n  turbine- 
blade  height between the two stages. 

1 
1 

Altitude chauiber. - The altitude-chamber test sectioq i n  which the 
engine was instal led is 14 f e e t   i n  diameter and 20 f ee t  long (fig.  3). 
The test platform on wbich the engine was r igidly mounted is connected 
by a linkage t o  a %lance-pressure diaphragm for  measuring engine thrust .  
A honeycouib is ins ta l led   in  .the chamber upstream of the   t es t   sec t ion   to  
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straighten and smoth  the flow of i n l e t  air .  The front bulkhead, which 
incorporates a labyrinth  seal around the  forward end of the engine,  pre- 
vents  the  flow of co&ustion air direct ly   into the engine comga?.-t,ment 
and exhaust system, and provides a means of maintaining a pressure dif- 
ference  across the engine. A bellmouth cowl was installed. on the  front 
bulkhead Just ahead of the engine to   obtain a smooth flow of air into 
the compressor. 

I- 
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A i r  supplied to the inlet .   section of the   a l t i tude  chamber can be 
either  heated  or  refrigerated dry air, or   a tmspheric   a i r .  Ekhaust 
gases from the Je t  nozzle pass,through-an exhaust section, a primary 
cooler,  an  exhaust header;  and a secondary  cooler  before  entering  the 
eihauster system. The in l e t  and  exhaust pressure  controls were designed 
t o  maintain  automatically a constant  ram-pressure r a t io  and exhaust 
pressure. - 

Instrumentation. - The location of inqtrumentation  stations through- 
out the engine is  shown in  the  cross-sectional  sketch of f igure 4 .  
Schematic sketches of the  instrumentation a t  the engine in le t ,  com- 
pressor  outlet,  compressordiffuser  outlet,  turbine  inlet,  turbine out- 
l e t ,  and  exhaust-nozzle inlet are shown i n  figure 5. All pressures 
were  measured by means of alkazene  and mercury manometers and were 
photographically  recorded. Temperatures w e r e  measured with iron- 
constantan  and chromel-alumel themcouples and were recorded by self- 
balancing  potentiometers. mine speed was measured by a chronometric 
tachometer  and fuel  flow  by means of a calibrated  rotameter. 

Performance characterist ics of the engine components  were obtained 
a t  simulated  altitudes from l5,OOO t o  55,mO . f e e %  and flight Mach nun- 
bers from 0.07 t o  1.01. Engine speed was varied from approximately 
6400 rpm t o  7950 r p m  with the variable  inlet  guide vanes i n  the open 
position. Engine speeds fo r  wbich the inlet  &de vanes are scheduled 
in  the  closed  posit ion were not investigated because special  instru- 
mentation ins ta l led  on the guide  vanes  during this portion of the in- 
vestigation prevented changing .their position. Inlet a i r  temperatures 
from about 44' t o  -25' F were obtained,  but, in general, the standard 
NACA i n l e t  temperatures were not  obtained  because  of a temporary l i m -  
i t a t ion   in   the   re f r igera t ion  system.. Therefore, the Reynolds number 
indices  indicated for the various  simulated flight conditfons  differ 
slightly fromthose  corresponding t o  standard  temperature  conditions. 
The fue l  used throughout the  investigation was MIL-F-5624A grade JP-4 
with a lower heating  value of 18,700 Btu per pound and a hydrogen-carbon 
r a t io  of 0.168. The symbols and methods of calculation used t o  deter- 
mine the performsnce of components along an engfne operating  line are 
given i n  appendixea A and B. 
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RESULTS AND DISCUSSION 

Radial  Pressure and  Temperature Profiles 

5 

CA 
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In order to define  the environmental  conditions under which each of 
the  engine components operates a t  va r ious  flight conditions  and  engine 
speeds, radial pressure and temperature profiles measured a t  several 
stations  wlthin  the engine are presented in   f igures  6 t o  ll. These 
da;ta not only indicate  the  inlet conditions f o r  a given comgonent but  
also show the  effect  of each component i n  dmnging  the  radial   profile 
of pressure and temperature of the gas i n  passing  through that compo- 
nent.  Profiles are presented i n   t h e  form of an average radial pressure 
or temperature  divided by the  over-all  average  pressure o r  temperature 
i n  order to compare profiles at  different  pressure and temperature lev- 
els .  The average radial pressure or temperature i s  an  average of from 
two t o  four  circumferential measurements at  the same radial location. 

As would be  expected,  both the  temperature  profile and the to ta l -  
and static-pressure  profiles a t  the engine in l e t  were extremely flat 
with the  exception of a slight reduction of total   pressure near the out- 
side w a l l  due t o  boundary-layer  build-up (r ig .  6).  This boundary layer 
existed in   the  outer  10 percent of the passage  height, and the maxfmum 
total-pressure  deficit measured was about 1 percent of the  average 
pressure. 

A t  the compressor outlet   (f ig.  71, the  total   pressure was found to 
vary by as  much as ;tZ percent of the average t o t a l  pressure,  with the 
lowest  value  occurring  near the blade root (inner wsll) at all operat- 
ing  conditions. Coupled with the higher temperature at  the root 
(fig.  7(b)), it appears that the  root-section  efficiency is appreciably 
lower than  the  average compressor efficiency,  particularly at high 
engine  speeds. The temperature measurements, however, are too meager 
t o  accurately  define  the radial efficiency  distribution. As the  cor- 
rected  engine  speed m s  reduced From approximately rated speed, the 
peak pressure moved i n m d  from 50 percent of the passage height t o  
27 percent,  the  preesure a t  the blade  root  increased, and the pressure 
at  the t i p  decreased. Inasmuch a0 the temperature near the root was 
lowered  with  engine speed, the  mot-section  efficiency was apparently 
improved as the speed  decreased. The inflection  point shown by mst 
of the total-pressure  curves a t  72 percent  passage height may be due 
t o  the wake from an annular splitter vane which was located just up- 
stream o f  the.  instrumentation at  a passage height of 65 percent. The 
function of the s p l i t t e r  vane is  t o  prevent f l o w  separation f r o m  the 
inner walls of the  diffuser conducting the f l o w  from the compressor 
outlet   into  the couibustor section. 

1 
2 

Profiles of total  pressure  obtained from a single  rake near t he  
outlet  of the diffuser are shown in   f igure  8. A t  l o w  engine  speeds, the 
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profi les  were similar  to  those a t  the compressor outlet .  However, a t  
high engLne speeds the peak pressure  shifted toward the  outer wall, 
indicating that the flow tends .to break away  somewhat fmmthe  sloping 
d i f fuser  inner wall a t  high engine speeds. 

A t  the turbine  inlet  ( f ig  . 9), there waa no dLscernible  effect of 
engine  speed o r  flight condition on the  total-pressure  profiles. The 
same general  profile shape exfsted a t  the turbine  inlet  as at the com- 
pressor  outlet   in th8t peak pressure  occurred  near midpassage and 
the  pressure at the inner w a l l  was Lower than at the  outer wall. How- 
ever, the maximum deviation from the average turbine-inlet t o t a l  pres- 
sure dia not exceed LL/Z of 1 percent. 

RaCiial profiles of total   pressure and temperature at the  turbine 
outlet   (station 6) are  shown in  f igure 10. The t o t a l  pressure  reached 
peak values between 20 and 40 percent of the passage  height from the 
blade root and dropped off toward either wall. There were io sfgnifi- 
cant  effects of engine  speed or  flight conditions on the  profile. The 
total-temperature  profiles were similar f o r  a l l  conditions shown except 
for  operation a t  a corrected  engine speed of 7996 rpm, an alt i tude of 
15,000 feet ,  and a f l igh t  Mach  number of 0.8. At this condition,  the 
peak temperature  shifted r a a a l l y  inward from the average posi t ion  a t  
50 percent of the passage height t o  26 percent of the passage height. 
Such a trend might be serious inasmuch as the  maximum permissible gas 
temperature is lower  near the turbine bede mots thsn  near the blade 
t i p s  as a resu l t  of the  higher  root  stresses. Data were not  obtained 
at lower altitudes and theref0r.e this apparent  trend cannot be  verified. 

Similar profiles  obtained a t   s t a t ion  7 in   the  exhaust nozzle are  
preaented in figure 11. B o t h  the  pressure and temperature  profiles  are 
quite similar t o  those at the  turbine  outlet over comparable ranges of" 
percent of passage height. A comparison of the  pressure  profile 
does, however, indicate  an  appreciable  pressure loss near the outer 
wall of the tail-pipe  asseuhly. 

In order t o  almmaarize the t rends  indiated by the  pressure and 
temperature  profiles, It can be stated that  the  total-pressure  profiles 
at   various  stations throughout the engine were, i n  general,  unaffected 
by changes i n  Reynolds n u d e r  index. A t  high engine  speeds, the  total-  
pressure  profile shifted t o w d  the outer  wall at  the compressor- 
diffuser  outlet,  but this effect  disappeared a t   the   tu rb ine   in le t .  The 
temperature  profiles showed no appreciable  effects of Reynolds number 
index crc engine Bpeed with the exception of a turbine-outlet peak %em- 
perature shift toward the root at the  highest  pressure  level  investigated. 

Compressor Performance 

The corrected  coqressor air flow obtained a t  each-Reynolds nuuiber 
index i s  show& in   f igure =(a) over the mnge of corrected engine 
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speeds  investigated. A t  a Reynolds number index of 0.90 and rated cor-. 
rected  engine  speed of 7950 rpm, the  corrected compressor air f l o w  was 
142 pounds per second.  Reducing the Reynolds number index t o  0.20 a t  
the same corrected  speed  lowered  the  corrected air flow t o  139.5 pounds 
per second. The relatively  steep slope of the air-flow  curves at rated 
speed  indicates that the  engine can operate at appreciably  hi@-  cor- 
rected  speeds  before  the air flow becomes  choked. at  the coqresaor  inlet. 

w Tfie effects of corrected  engine  speed  and Reynolds n W e r  index on 
compressor efficiency  are shown in   f i gu re  12 (b) . Peak values of com- 
pressor  efficiency  occurred a t  corrected  engine  speeds between 85 and 
90 percent of ra ted speed f o r  a l l  Reynolds number indices and w e r e  about 
3 percent  higher  than  the  efficiency  values  obtained at  rated  speed. 
The maximum compressor efficiency  obtained  in this investigation was 
0.853 at a Reynolds nuniber index of 0 -90 and a corrected  engine  speed 
of about 7100 rpm. At a given corrected  engine  speed,  lowering the  
Reynolds nuuiber index from 0.90 t o  0.20 reduced t h e  compressor effi- 
ciency  about 0.025, 

4 

Compressor total-pressure  ratio is presented  in figure ~ ( c )  as a 
function of corrected  engine  speed f o r  the range o f  Reynolds  nmiber 
indices  investigated. The compressor pressure r a t i o  generalized KLth 
corrected  engine  speed f o r  a l l  values of Reynolds number index. In  
most axial-flow  turbojet  engines,  the  pressure  ratio  increases slightly 
with Lower Reynolds nuniber indices  (see ref. I) ; however, the  effects  
of decreased  corrected air  flow and  compressor efficiency coubined  wlth 
the  attendant  increase  in  corrected  turbine-inlet  temperature as the 
Reynolds number index was lowered were such tha t  the compressor operat- 
ing line  did  not shift i n   t h i s  engine.  Therefore,  the  reductions in 
corrected air  flow and  compressor efficiency  discussed  previously  are 
due t o  Reynolds number effects  alone  (figs.  =(a) and (b) ) .  Compressor 
pressure ratio increased almst linearly  with  increased  corrected  engine 
speed up t o  about rated speed  and  lncreased a t  a s l igh t ly  lower rate 
thereafter.  A t  corrected  engine  speeds of 7950 r p m  (rated speed)  and 
8600 r p m  (maw speed  obtained),  the  values  of compressor pressure 
r a t i o  were 6.5 and 7.3, respectively. 

The compressor-outlet-diffuser  total-pressure Losses  were less 
than 1 percent of the   diffuser- inlet   to ta l   pressure as shown i n  f ig -  
ure l3. The total-pressure loss ratio reached & peak st & corrected 
engine  speed of 7600 rpm and was not  noticeably  affected by changes 
i n  Reynolds numBer index. 

Combustor Performance 

Combustion efficiencies  obtained at  all fl ight  conditions and 
engine  speeds are shown in   f igure  14 (a) as a function of the  com-bustor- 
i n l e t  parameter P4T4/VR, which i s  deriGed i n  reference 2. Over the 
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range  of fU@t conditions  and  engine  speeds  investigated, combustor- 
inlet  pressure  varied from 1830 t o  U,8M) pounds per  square foot, 
combustor-inlet temperature varied from 769O t o  927O R, and the average 
combustor reference  velocity was about- 95 feet per second.  For this 
range of combustor-inlet conditions, combustion efficiencies rang+ 
from 0.94 t o  0.96. The trend o f  the. data at the Lowest values of 
P4T4/VR indicates that the combustion effic3encg would 8.tar-b t o  de- 
crease  rapidly a t  a Reynolds number index of 0.20 if the  corrected 
englne  speed were lowered amreclably beyond the minimum value of 7059 
rpm obtained i n  this investigation. However, i n  the  range of nom1 
operating  speeds a t  Reynolds number indices of 0.24 and 0.20, which cor- $ 
respond to  transonic -fUght Mach numbers a t   a l t i t udes  of 49,000 and 
55,000 feet,  respectively, the combustion efficiency was 0.94 or  higher. 

The combustor total-pressure loss ra t io   ( f ig .  14(b) ) decreased from 

IC 

about 0.055 at  the lowest  corrected  engine  speed  investigated t o  an 
average value f o r  all P l i g h t  conditions of  about 0.046 a t  a corrected 
engine  speed of 7950 rpm. In  general,  the  total-pressure loss ratio 
increased  very  slightly as Reynolds number index was reduced.  This 
fncreasb was due to  the  increased momentum pressure loss resulting from 
the  higher combustor temperature rise required at the  lover Reynolds 
number indices as compressor efficiency became lower. - - " ."  "". . - .  ." - " 

Turbine Performance 
" 

The variation of turbine  efficiepcy,  turbine  pressure  ratio, and 
corrected  turbine gas f l o w  with.  corrected  turbine  speed is shown i n  
figure 15. Turbine  eff  icfency  increased from about 0.815 at the lowest 
corrected  turbine  speed-of 3855 rpm t o  a peak  of 0.865 at a corrected 
turbine speed of  about 4075 rpm. Thi.8 varTatIon-of  turbine  efficiency 
is almst ent i re ly  an effect of corrected  turbine speed inasmuch as the 
turbine  pressure  ratio was essentially  constant at 2.7 for  all f l i gh t  
conditions  and  engine  conditions  investigated.  Within  the  accuracy of 
the data, there was no dAscernible  turbine Reynolds number effect  on 
turbine  efficiency. All turbine  efficiencies  obtained a t  a Reynolds 

number index was reduced, t h e   i n c r ~ s e d . . t u r b i ~ e - i n l e t   . % m e r a t w e   r e -  
quired as compressor efficiency dropped o f f  resul ted  in  a shift t o  lower 
corrected  turbine  speeds f o r  a given  corrected e m n e  speed, or  a shif t  
away from the  reglon of peak turbine  efficiency. At a Reynolds number 
index of 0.20, the  turbine  efficiency was sti l l  about 0.86 a t  a Corrected 
engine  speed of8093 r p m  but  decreased to 0.84 a t  a corrected  engine 
speed of 7059 r p m .  

. .  

. number index of 0.90 were i n  the neighborhood of 0.86. AB the Reynolde 
. .  . -  

As shown i n  figure 15, the  variation of corrected  turbine gas flow 
with corrected  turbine  speed  generalized for a l l  flight cond-ltions 
investigated; it was impossible t o  determine a turbine Reynolds number 
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effect  on corrected  turbine gas flow  because of the  lfmited amount and 
accuracy of the data. The constant value of corrected  turbine gas flow 
with  the  variations  of  corrected  turbine  speed  indicates that the first- 
stage  turbine  nozzles w e r e  choked a t  a l l  flight conditions  and  engine 
conditions  investigated.  Calculations based on the choked corrected 
gas flow  value of 47.2 pounds per second show the  effective  turbine- 
nozzle area t o  be about 0.95 square foot. 

w 
0 
N 

Tail-Pipe-Diffuser  and Exhaust-Nozzle  Performance 

The tail-pipe-diffuser  total-pressure loss was less than 3 percent 
of the  turbine-outlet   total   pressure as shown Ln figure 16.  The t o t a l -  
pressure loss r a t i o  reached a peak value a t  a corrected  engine  speed of 
approximtely 7600  rpm and did  not show a variation  with Reynolds number 
index. 

The exhaust-nozzle flow  coefficient and thrust   coefficient are 
shown i n  figure 17 as functions of exhaust-nozzle pressure r a t io   ( r a t io  

nozzle  flow  coefficient i s  defined as the   r a t io  of effective  nozzle 
area t o  geometric area, and can be  expressed a s  the r a t i o  of mss flow 
determined a t  the  engine  inlet  t o  the mass flow  calculated by using 
the  nozzle-inlet measurements and the  exhaust-nozzle-outlet  area. A t  
exhaust-nozzle  pressure r a t io s  above approximately 2.2, the flow  coef- 
f i c i en t  was constant a t  a value of 0.99. Decreasing the  nozzle  pres- 
sure r a t i o   t o  1 .6  lowered the flow  coefficient t o  0.97. 

cui of nozzle-inlet  total  pressure  to  free-stream static pressure). The 

The exhaust-nozzle thrust coefffclent, which i s  a measure of  the 
r a t i o  of actual  J e t  velocity t o  ideal jet velocity downstream of the 
nozzle exit, was determined from t h e   r a t i o  of scale jet thrust   to   rake 
jet  thrust .  A t  a l l  values of exhaust-nozzle  pressure ratio  investigated, 
the thrust   coefficient was constant a t  a value of about 1 .oO . The val- 
ues of thrust  coefficient  or  velocity  coefficient  obtained  in  this  in- 
vestigation  are approximately 2 percent higher than would be expected 
according to  other  investigations (see ref. 3) of similar exhaust noz- 
zles  (outlet  diameter, 20.95 in.; cone half-angle, 6O). These high 
values of thrust   coeff ic ient  are a t t r ibu ted   p r imar i ly   to   e r rors   in   the  
average total   pressure a t  the exhaust-nozzle i n l e t  because of  the f ac t  
that a large  total-pressure  gradient  existed at that stat ion  (see  f ig .  
l l ( a ) ) .  For t h i s  reason also,  the  value8 of the flow coefficient may 
be  slightly  higher  than  the  true  values. 

SUMMARY OF RESULTS 

From an  altitude-chariber  investigation of  the  component per fomnce  
of a J73-GE-U turbojet  engine, the following results w e r e  obtained: 
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1. Pressure and.temperature  profiles  throughout  the  engine showed 
no significant  effects of flight condition  or  engine  speed with the pos- 
sible  exception of a s l i gh t   sh i f t   i n  maximum turbine-outlet  temperature 
toward the  root a t  the  bighest  pressure  level  investigated. 

2. The maxlmum compressor efficiency  obtained was 0.853 at a Rey- 
nolds number index of 0.90  and a corrected  engine  speed of about 7100 
rpm. A reduction in Reynolds number index from 0.90 t o  0.20 lowered 
the compressor efficiency  about 0.025 and lowered the  corrected  air  b 
flow about 2 percent, OR the  average,  but did not  affect  the compressor 
pressure  ratio a t  a given  corrected  engine  speed. 

N" - 
)r) 
P 

3. The combustion efficiency was 0.94 or  higher i n   t h e  range of 
normal operating  speeds a t  Reynolds number indices of  0.24 and 0.20, 
which correspond to  transonic  f l ight Mach numbers a t  a l t i tudes of 49,000 
and 55,000 feet,  respectively. The total-pressure ~ O S S  ratio  across 
the combustor was about 0.046 a t -a  corrected  engine  speed of 7950 r p m  
( ra ted speed) . 

4 .  Over the range ofengine speeds investigated,  turbine  efficiency 
m a  approximately 0.86 a t  a Reynolds number index of 0.90. A t  a Rey- 
nolds number index of  0.20, turbine efficiency varied from 0.86 a t  a 
corrected  engine  speed Of 8093 rpm t o  0.84 R t  a corrected  engine  speed 
of 7059  rpm. A t  a given  corrected  turbine speed, there was no discern- 
ible effect  of Reynolds number on turbine performance. 

5. A t  exhaust-nozzle  pressure ratios .above 2.2, the  exhaust-nozzle 
flow  coefficient was constant a t  a value of 0.99. The exhaust-nozzle 
thrust  coefficient was constant a t  a value of 1.00 a t  a l l  values of 
exhaust-nozzle  pressure  ratio. These values of flow coefficient and 
thrust coefficient are believed  to be somewhat higher  than  their  true 
value  primarily  because of e r rors   in   the  average to ta l   p ressure   a t   the  
exhaust-nozzle in l e t .  The compressor-outlet-diffuser and tail-pipe- 
diffuser  total-pressure loss ra t ios  reached peak values at a corrected 
engine  speed  of 7600 r p m  and were less  than 0.01 and  0.03, respectively. 

" 

Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee fo r  Aeronautics 

Cleveland, Ohio, September 4, 1953 
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APPENDIX A 

0” 
4 
N 

SYMEOLS 

The following synibols are used i n  this report: 

A area, sa_ ft 

B test-bed  balance  force, lb 

CD exhaust-nozzle flow coefficient 

CT 

FJ 

exhaust-nozzle thrust   coefficient 

jet  thrust, l b  

f fuel-air  ratio . 
-2 
cd @; acceleration due to   gravi ty ,  32.2 ft /sec 2 
a. 
cu h enthalpy of  air o r  gas mixture, Btu/lb 

M Mach  number 

N 

P 

P 

R 

T 

Ti 

v 

vR 

Wa 

Wf 

wg 

a 

engine  speed, rpm 

total pressure, lb/sq ft abs 

static  pressure,  Ib/sq ft abs 

g a s  constant, 53.4 ft-lb/lb-OR 

t o t a l  temperature, OR 

indicated  temperature, OR 

velocity, ft/sec 

combustor reference  velocity,  ft/sec 

afr flow, lb/sec 

f u e l  consumption, I I I / ~ ~  

gas f l o w ,  Ib/sec 

thermocouple  impact  recovery  factor, 0.85 
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r a t io  of specific heats 

pressure  correction  factor, P/2116 (total pressure  divided by 
NACA standard  sea-level  pressure) 

efficiency 

temperature  correction'  factor, fl/(1.4) (519), (product of r 
and t o t a l  temperature  .ayided  by  proauct of y and  tempera- 
ture fo r  air a t  NACA standard  sea-level  conditions) 

Am " (see  ref.  5), Btu/lb of fue l  

density,  slugs/cu f t  

r a t io  of absolute  viscosity of air at engine i n l e t  t o  absolute 

m + l  

viscosity of NACA standard atmsphere-at  sea  level 

Reynolds number index 

Subscripts : 

a 

ac t  

b 

C 

ef f 

g 

isen 

n 

r 

8 

t 

X 

0 

a i r  

actual 

combustor 

compressor 

effective 

g a s  mixture 

isentropic 

exhaust-nozzle outlet 

rake 

scale 

turbine 

engine-inlet  duct 

f r ee  stream 
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1 engine inlet 

3 compressor out le t  

4 couibustor inlet 

5 turbine  inlet  

6 turbine  outlet   ( tail-pipe  diffuser inlet) 

7 e ~ a u s t - n o z z l e   i n l e t  (tail-pipe diffuser outlet) 

13 
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APPENDIX B 

" H O D S  OF CALCULATION 

Total  teuqeratures w e r e  calculated from thermocouple indicated 
tenrperatures  with the equation. 

. " - -  .. 
- r-1 

A i r  flow. - Ehgine-inlet air f l o w  was determined from pressure and 
temperature  instrumentation a t  s ta t ion 1 by use of the  equation 

wa, 1 = &~A,v, 

The various  compressor-outlet  bleed flows and compressor leakage afr 
w e r e  determined t o  be  about 2 percent of t he   i n l e t  a b  .flow. All bleed. 
and  leakage f l o w s  rejoined  the main-stream mass flow before  passing 
through  the exhaust nozzle. 

Compressor efficiency. - Compressor efficiency was calculated by 
using  the air tables of reference 4 and  by  neglecting  the water-vapor 
corrections. With the  compressor pressure ratio and  the compressor 
i n l e t  and outlet  temperatures known, the compreseor efficiency was 
determined from the following expression: 

Turbine-in1e.t  temperature - Turbine-inlet,.  temperature W&B deter- 
mined from euthalpy-temperature tables after the  enthalpy of the g a s - .  
a t  the  turbine  inlet  was calculated  as follow8 : 

- - -. . 

O.98Wajl -!- 2 3600 
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Combustion efficiency. - Combustion efficiency i s  defined as the 
ra t io  of the  actual  enthalpy rise through the couibustor t o  the theoreti-  
ca l  mximum enthalpy rise. The followlng  equation u&6 used to   calculate  
combustion efficiency: 

where l8,700 Btu per  pound of fue l  is the  lower heating value  of the 
fue l  and f is  the r a t i o  of  fue l  flow t o  engine-fnlet afr flow. 

Turbine  efficiency. - The turbine  adiabatic  efficiency was deter- 
mined from the following  equation: 

where rt i s  the average  value of y between s ta t ions 5 and 7. 

Exhaust-nozzle flow coefficient. - The f l o w  coefffcient was mlcu- 
lated as t he   r a t io  of mass flow determined a t  the engine inlet   (eq.  (2) 1 
t o   t he  mss flow  calculated a t  the exhaust-nozzle out le t .  The exhaust- 
nozzle-outlet mass f l o w  was calculated as follows: 

When the  nozzle was choked, pn was calculated  fromthe  pressure  ratio 
required for choking as determined  by r7. When the nozzle was not 
choked, pn w&8 assumed equal 4x1 po. 

Exhaust-nozzle thrust coefficient.  - The thrust   coefficient was 
calculated as the r a t i o  of scale jet  t h r u s t   t o  rake Jet thrust.  Scale 
thrust  was obtained from the equation 
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The rake je t   th rus t  was calculated from the mass f l o w  determined at the  
engine i n l e t  and from an effective velocity determined  by the exhaust- 
gas t o t a l  temperature, t he   r a t io  of specific  heats, and the exhaust- 
nozzle  pressure  ratio. The expression used, which represents  the 
thrust  of a convergent  nozzle, was 

"" - - - -  " 

. .  - 
" 

The effective  velocity parameter  includes  the  excess of pressure beyond 
that converted to   veloci ty  for supercritical  pressure r a t i o s  (see  ref.  6) . 
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Figure 7. - Pressure and temperature profiles at compresscrr outlet, s t a t i o n  3.  - 
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Figure 12. - Compressor performance. 
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Figure 12. - Continue&. Compressor performance. 
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Figure 14. - Combustor performance. 
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Figure 15. - Turbine performance. 
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